Introduction
============

The development of neuropathological changes associated with Alzheimer's disease (AD) precedes the onset of dementia by many years.^[@bib1]^ Studies in transgenic mouse models of AD suggest that the majority of disease-modifying drugs are most effective in the early stages of AD development and not in later disease stages characterized by severe neurodegeneration.^[@bib2]^ Currently established neurochemical and imaging AD biomarkers require invasive procedures such as lumbar puncture or the use of sophisticated technical equipment only available at specialized research centers. New, less invasive, less expensive and reliable markers of AD are urgently needed.

Recently, DYRK1A, a serine threonine kinase with multiple targets, has attracted interest as a candidate AD biomarker. DYRK1A is involved in the control of excitation/inhibition balance,^[@bib3]^ anti-inflammatory processes^[@bib4],\ [@bib5]^ and over-phosphorylation of tau protein.^[@bib6]^ It is also associated with the dysregulation of neurotrophic pathways,^[@bib7]^ particularly at the level of the brain-derived neurotrophic factor (BDNF),^[@bib8]^ which has several roles in synaptic plasticity and neuronal survival. We have also previously shown a negative correlation between DYRK1A level and homocysteine (Hcy) level^[@bib9]^ in liver from mice models. Moreover, DYRK1A regulation, synthesis and degradation are complex and tissue specific; for instance, in a mouse model of genetic hyperhomocysteinemia, less DYRK1A protein is detected in the liver and more is detected in the brain.^[@bib9],\ [@bib10],\ [@bib11]^

We recently showed in a well-characterized cohort of AD and age-matched controls (cohort P, Paris) that plasma DYRK1A levels were reduced in individuals with oligosymptomatic AD and with dementia due to AD.^[@bib12]^ Interestingly, lymphoblastoid cells from diploid individuals revealed a positive correlation between DYRK1A and BDNF levels.^[@bib13]^ BDNF levels are reported to be lower in the platelet-rich plasma of AD patients at moderate-to-severe stages of dementia compared with normal controls.^[@bib14]^ A meta-analysis of results obtained from AD cohorts reported a significant positive association between serum Hcy and the incidence of dementia.^[@bib15]^

With the hopes of expanding upon these results, we sought to assess the utility of DYRK1A as a biomarker of AD. We measured the DYRK1A plasma levels in a new cohort (cohort M, Munich) using a different method (enzyme-linked immunosorbent assay, ELISA) from that of the first study, as well as a new antibody. Blood markers were measured in biologically and clinically defined AD patients along with age-matched controls from two cohorts (cohorts M and P).

As DYRK1A, like many other kinases, is involved in controlling numerous pathways, we also measured markers linked to these pathways to investigate possible correlations between DYRK1A, BDNF, Hcy and soluble amyloid precursor protein β (sAPPβ), an upstream product of the amyloid cascade leading to the production of amyloid β, a central constituent of amyloid plaques. We further investigated whether Hcy, BDNF and DYRK1A could function as composite biomarkers of AD.

Materials and methods
=====================

Clinical research
-----------------

Cohort M (Munich): The controls (*n*=20) were individuals without subjective memory complaints and without neuropsychiatric disorders. They had normal cerebrospinal fluid concentration of Amyloid β 42, total tau and tau phosphorylated at threonine 181, measured in duplicate with commercially available ELISA kits ([Table 1](#tbl1){ref-type="table"}). Thus, preclinical AD was precluded.^[@bib16]^ Recruitment and inclusion criteria of the patient sample have been described.^[@bib17]^ Outpatients (*n*=69) were recruited at the Department of Psychiatry and Psychotherapy, Klinikum Rechts der Isar, Technical University of Munich. Patients had been referred by general practitioners, psychiatrists, other institutions or were self-referred. Controls and patients were Caucasian. Patients with oligosymptomatic AD fulfilled the National Institute on Aging-Alzheimer Association diagnostic guidelines for mild cognitive impairment,^[@bib18]^ while patients with dementia met the National Institute on Aging-Alzheimer Association criteria for dementia due to AD.^[@bib19]^ All the participants provided written informed consent and all clinical investigations were conducted in accordance with the principles of the Declaration of Helsinki, sixth revision.

Cohort P ([Table 1](#tbl1){ref-type="table"}): recruitment and inclusion criteria of 25 controls and 26 patients, have been described previously.^[@bib12]^ Twenty-five controls and 25 patients were Caucasian; one AD patient was African.

Cohorts M and P did not include subjects with severe cortical or subcortical vascular lesions. Average duration of the disease was similar in the two cohorts M and P (that is, 1--4 years for mild cognitive impairment, 3--8 years for AD). ApoE genotyping was described previously.^[@bib20]^

The blood samples were collected from participants into citrate containers, and the containers were immediately placed on ice until processed. Plasma was obtained by centrifugation of containers for 15 min at 2000 *g* at 4 °C, then rapidly frozen and stored at −80 °C until analysis. The plasma and serum aliquots were thawed on the same day of the experiment. The plasma was diluted at 1:20 in 1 × phosphate-buffered saline.

Experimental mice
-----------------

We conducted experimental animal study using mice carrying a murine BAC clone containing the entire *Dyrk1a* gene (maintained on a C57BL/6J background)^[@bib21]^ and Dyrk1a(+/−) mice maintained on a CD1 background.^[@bib22]^ Dyrk1a(+/−) and mBACtgDyrk1a mice were genotyped by PCR.^[@bib21],\ [@bib22]^ All the experimental procedures were carried out in accordance with the European Union guidelines (Directive 2010/63/EU) and the followed protocols were approved by the ethics committee of the Parc Científic de Barcelona (PCB). Official authorization from the French Ministry of Agriculture was granted to carry out research and experiments on animals (authorization number 75--369) with approval by local ethical committee (Université Paris Diderot). In this study, we have used embryos of Dyrk1a(−/−) mice, Dyrk1a(+/−) mice and their wild-type littermates. The day of the vaginal plug was defined as E0.5. The proteins were prepared from E11 to E12 embryo heads.

Adult mice were anesthetized and blood was collected through retro-orbital sinus sampling into tubes containing a 1/10 volume of 3.8% sodium citrate. The plasma was isolated by centrifugation (2500 *g*).

Immunochemistry
---------------

Immunogen preparation: the DNA sequence encoding human DYRK1A protein deleted in its C terminus (Δ502--763 further named Dyrk1AΔC) has been previously cloned and was used to prepare the protein.^[@bib23]^

Production of monoclonal antibodies: monoclonal antibodies (mAbs) were produced in ascitic fluid in BALB/C mice and further purified using caproic acid precipitation.^[@bib24]^ The concentration and purity of mAbs were then assessed by measuring absorbance at 280 nm and by sodium dodecyl sulfate-polyacrylamide gel electrophoresis Coomassie blue staining in reducing and non-reducing conditions.

Evaluation of polyclonal response and screening of mAbs in hybridoma supernatants was performed following standard protocols (see [Supplementary Methods](#sup1){ref-type="supplementary-material"}).^[@bib25],\ [@bib26]^

Immunoblotting
--------------

After transfer, the membranes were saturated by incubation in 5% w/v nonfat milk powder in Tris-saline buffer (1.5 m[m]{.smallcaps} Tris base pH 8; 5 m[m]{.smallcaps} NaCl; 0.1% Tween-20) and incubated overnight at 4 °C with M01 antibody (1/250, Abnova, Tebu, France) and N6 antibody (1/2000) against DYRK1A. Binding of the primary antibody was detected by incubation with horse radish peroxidase-conjugated secondary antibody using Western Blotting Luminol Reagent (Santa Cruz Biotechnology, Tebu, France). Ponceau-S coloration was used as a loading control. Digitized images (LAS-3000 imaging system (Fuji Photo Film, Tokyo, Japan)) were used for densitometric measurements with an image analyzer (UnScan-It software, Silk Scientific, Orem, UT, USA).

Immunometric tests
------------------

The DYRK1A levels were assessed by a solid phase immobilized epitope-immunoassay set up for antibody M01 (Abnova; clone 7D10; immunogen: 674 aa\~763 aa) and antibody N6.^[@bib27]^ BDNF was assessed using sandwich ELISA (ELISA E-Max, Promega, Madison, WI, USA). After removal of unbound conjugates, bound enzyme activity was assessed by use of a chromogenic substrate for measurement at 450 nm by a microplate reader (Flex Station 3, Molecular Device, San Diego, CA, USA). All the assays were performed in duplicate.

Homocysteine assay
------------------

Plasma total (tHcy), defined as the total concentration of Hcy after quantitative reductive cleavage of all disulfide bonds, was assayed by using fluorimetric high-performance liquid chromatography as previously described.^[@bib28]^

Statistical analysis
--------------------

The results are presented as mean±s.d. in all the tables. The normality of data distribution was tested with a Kolmogorov--Smirnov test. Statistical comparisons were performed with an unpaired *t*-test and two-tailed *P*-values for the comparison of means between two groups, which calculates the exact *P*-value and accounts for ties among values. Statistical significance was set at *P*\<0.05.

Multivariate data analysis was performed through a principal component analysis (PCA), which helps the visualization of the association between biomarkers and patient status (control or AD). A PCA projects the standardized data, that is, the biomarker descriptors, into a subspace made of orthogonal linear axis, so-called principal components. Data may then be explored in a smaller dimensional space spanning the most informative view according to data variability.

The analysis of the biomarkers of AD using a protein profile was first performed using different thresholds. We computed receiver--operating characteristic curves to evaluate the capacity of each plasma biomarker to discriminate subjects with AD from those without AD, using area under the curves.

Biomarkers significantly associated to AD were then tested using models and cross-validation approaches based on the protein/Hcy profile data. Logistic regression (LR), which is a method adapted to test association between a binomial outcome and covariates, was used to build a diagnostic model for the status of the patients. Linear combination of selected biomarkers was performed using the following model:

The biomarkers were selected through stepwise selection. The final regression model was selected based on optimizing the balance between its sensitivity (the percentage of predicted AD patients among observed AD patients) and specificity (here, the percentage of predicted controls among observed control patients) on both training and validation sets obtained by cross-validation.

The goal of cross-validation is to limit overfitting, and to give an insight on how the model will generalize to an independent. It is a powerful general technique to test the stability of regression model and its robustness particularly adapted in case of few data. We had used a fivefold cross-validation to partition the initial plasma sample into five parts (fold).^[@bib29]^ Each fold serves in turn as a validation sample of the model established on the remaining fourfold (training sample). We then had five models, allowing to calculate, in the case of a logistic regression model, the classical parameters, accuracy, sensitivity and specificity, and to deduce the average and the standard deviation of each one.

Final LR model could thereafter be used to assess the risk for any given patient according to its protein profile variables. Analyses were done using GraphPad Prism v6.07 (San Diego, CA, USA) and R software.

Results
=======

Development of novel anti-DYRK1A monoclonal antibodies and validation in mouse models and plasma
------------------------------------------------------------------------------------------------

Monoclonal antibodies recognizing DYRK1A were raised in Swiss mice by immunization with purified N-terminally His-tagged DYRK1AΔC (Δ502--763 C-terminal deleted DYRK1A protein). Seven monoclonal antibodies (mAbs) were produced and named N1 to N7.

All mAbs appeared to be good capture antibodies. N6 gave the strongest signal on western blot. M01 (Abnova) and N6 patterns were compared using samples from mouse embryos (E15; −/− mice are not viable) with 0, 1 and 2 copies of *Dyrk1a*. ([Figure 1a](#fig1){ref-type="fig"}).

An immunoassay (solid phase immobilized epitope-immunoassay) was designed using the M01 and N6 antibodies with methods described previously.^[@bib27]^ Signals obtained from plasma samples from mice with 1, 2 or 3 copies of *Dyrk1a* were compared with the gene copy number showing a good correlation between DYRK1A level and gene copy number (N6: [Figure 1b](#fig1){ref-type="fig"}). The concentration of DYRK1A ranged between 8 and 10 ng ml^−1^ in mouse plasma and between 1.8 and 2.2 ng ml^−1^ in human plasma.

As DYRK1A is a constituent of plasma, quantification of DYRK1A in such a matrix is not possible (as no 'blank plasma' is available and plasma from a *Dyrk1a* knockout animals is not available), DYRK1A plasma levels can only be compared between different populations.

Plasma DYRK1A decreases in AD patients from cohort M
----------------------------------------------------

Using the same solid phase immobilized epitope-immunoassay method described in \'supplementary of Materials and methods\' section ([Table 1](#tbl1){ref-type="table"}), we assessed the levels of DYRK1A in human plasma using antibody M01 ([Figure 2a](#fig2){ref-type="fig"}) and antibody N6 ([Figure 2b](#fig2){ref-type="fig"}). Both the experiments showed a similar decrease in DYRK1A in AD patients, whereas no difference was found between patients with oligosymptomatic AD and patients with dementia due to AD. Consequently, these two groups were not treated as separate, but as one group designated as AD. Mean DYRK1A level was significantly lower in AD patients compared with controls (*P*\<0.0001) and these results were observed with both antibodies M01 and N6.

The results were the same when stratified by sex, therefore results for both sexes are presented jointly. DYRK1A protein levels did not correlate with Mini-Mental State Examination scores. When stratified by *APOE* genotype, controls and AD patients were distributed similarly among genotypes and the average level of DYRK1A was similar in individuals with and without the *APOE4* genotype ([Figure 2c](#fig2){ref-type="fig"}). We also analyzed the levels of sAPPbeta, which were significantly lower in cohort M AD patients ([Figure 2d](#fig2){ref-type="fig"}). DYRK1A levels did not correlate with sAPPbeta levels (*P*=0.79).

DYRK1A and markers from associated pathways are altered in AD patients
----------------------------------------------------------------------

The relative decrease in plasma DYRK1A observed in the Munich cohort (ELISA method) and in the Paris cohort (slot blot method) compared to controls was statistically similar. Therefore, we pooled results from the two cohorts. We detected a significant difference in DYRK1A levels between controls and AD patients (decrease of −24%, *P*\<10^−14^; [Table 2](#tbl2){ref-type="table"}). Plasma BDNF was positively correlated with DYRK1A (*P*\<0.05) and was lower in the plasma of AD patients; pooled results are shown in [Table 2](#tbl2){ref-type="table"} (decrease of −37%, *P*\<10^−9^). We previously showed a negative correlation between liver DYRK1A and plasma homocysteine (Hcy), a known risk factor for AD.^[@bib30]^ Plasma levels of homocysteine were assessed with HPLC and were higher in individuals with AD compared with controls (increase of +28%, *P*\<10^−6^). Glutathione is a major antioxidant byproduct of Hcy and glutathione levels were similar in the control group (26.8) and AD group (26.9; *P*=0.9, data not shown). There was no relationship between *APOE* genotype and BDNF or Hcy level.

The diagnostic accuracy (area under the curve) of the three biomarkers in differentiating patients with AD from controls ([Figure 3a](#fig3){ref-type="fig"}) showed significant relationships between each biomarker and the AD group. The mean areas under the curves were 0.847 for DYRK1A, 0.793 for BDNF, and 0.754 for Hcy, indicating that DYRK1A was the most accurate of the markers.

Efficiency analyses
-------------------

PCA performed on the three biomarker descriptors enabled (i) an in-depth study of their correlation, (ii) a direct visualization of the similarity shared by the two cohorts and (iii) trend biomarker values of control versus AD groups. The first PCA plane in [Figure 3b](#fig3){ref-type="fig"} captures more than 83.58% of the marker variability and as such provides an efficient visualization of the data. [Figure 3c](#fig3){ref-type="fig"} illustrates the distribution of AD patients from both cohorts on PCA. The two cohorts can be observed (depicted in full or empty circles) as well mixed with no specific biomarker characteristics, confirming that these two cohorts can be merged to build predictive models.

The visualization of patient status illustrates controls gathered in the right PCA space, corresponding to high values of PC1, while AD patients are located on the small values of PC1. This indicates that AD patients exhibit small values of DYRK1A (rel) and BDNF (ng ml^−1^) and rather large values of Hcy related to controls and that these biomarkers are diagnostic and potentially promising predictors of patient status.

AD diagnostic models were built using statistical learning methods. Only LR models are presented ([Table 3](#tbl3){ref-type="table"}), as they resulted in better accuracy by five cross-validation of 0.937±0.013 than CART models (which had an accuracy of 0.881±0.024). LR was selected as an optimal combination of the predictive power of DYRK1A, BDNF and Hcy markers. Parameters for the LR have been calculated independently of age, sex and apoE genotype:

On the pooled cohorts, age, sex and apoE were not significantly different between control and AD groups (*P*=0.54), but biomarker differences were significant (*P*\<10^−6^).

Adjusting for age, sex and apoE genotype were then assessed showing nonsignificant effect in LR model for age (*P*=0.78), for sex (*P*=0.53) and for ApoE genotype (*P*=0.54).

The odds ratios for the model are presented in [Table 4](#tbl4){ref-type="table"}. We obtained odds ratios of 0.787 for DYRK1A, 0.20 for BDNF and 1.45 for Hcy, indicating that increased DYRK1A (relative) by one unit decreases the AD risk for a patient (risk multiplied by 0.787).

DYRK1A was found to be the most predictive marker of AD and on its own has a high accuracy rate of 0.84±0.05 on five validation sets ([Table 3](#tbl3){ref-type="table"}). Combining DYRK1A with BDNF leads to more than a 5% accuracy increase on the validation sets, specifically the specificity (ability to predict control patients), while combining DYRK1A, BDNF and Hcy allows for more than a 3% accuracy increase.

Three PCA figures ([Figure 4](#fig4){ref-type="fig"}) illustrate patients accurately or falsely predicted as AD using logistic regressions (LR1, LR2, LR3) obtained using one, two or three markers (DYRK1A, DYRK1A+BDNF, DYRK1A+BDNF+Hcy) showing which patients were predicted as having AD by adding BDNF or Hcy biomarkers. PCA.A illustrates the LR1 performance, which accurately predicted 77/84 AD patients and 25/36 control patients. PCA.B illustrates LR2, which predicted seven supplementary individuals (two AD and five controls) due to their high BDNF values. PCA.C illustrates LR3, which predicted four supplementary patients due to their specific values of Hcy (two AD due to high Hcy values and two control due to low Hcy values).

Discussion
==========

Characteristic features of AD are memory loss, plaques resulting from abnormal processing of amyloid precursor protein, presence of neurofibrillary tangles and dystrophic neurites containing hyperphosphorylated tau and signs of inflammation.

DYRK1A kinase is a multifunctional enzyme known to have a role in dendrite morphogenesis^[@bib31]^ and in the control of excitation/inhibition balance.^[@bib3],\ [@bib32]^ It is also involved in tau phosphorylation (ser 212)^[@bib6]^ and control of inflammation through NF-kappa B and NFAT-related mechanisms.^[@bib4],\ [@bib5],\ [@bib33]^ DYRK1A contains a PEST sequence, which, after calpain action, removes the C-terminal part and may contribute to the decrease of native DYRK1A level.

We used two antibodies to measure DYRK1A protein in plasma of AD patients and healthy controls. The M01 antibody recognized a Cter epitope (674--763 aa) and allowed for the quantification of the 95 kDa protein. The second antibody, N6, was raised against the active site (amino acids 1--562). We observed lower levels of DYRK1A in AD in two different cohorts (Munich and Paris) with two different techniques, slot blot^[@bib12]^ and ELISA (solid phase immobilized epitope-immunoassay), using the two different antibodies. These results validate the association of a low level of the long forms of DYRK1A (triplet around 95 kDa on western blots) in plasma from patients with AD. A reduction in this long form and an increase in truncation have been reported in brain samples from AD patients versus controls.^[@bib34]^ As we observed a decrease with an antibody recognizing the C terminus (long form) and with an antibody recognizing the N terminus (short and long form), our results indicate that the long form is the main form present in the plasma of both controls and patients and that plasma level of this long form correlates with its level in AD brain.

Stratification according to *APOE* genotype confirmed previous observations^[@bib12]^ that DYRK1A levels are not linked to *APOE* genotype. In AD patients, sAPPbeta was found to be significantly lower, but there was no correlation between sAPPbeta and DYRK1A levels. This finding possibly indicates that the observed decrease in DYRK1A plasma concentration in AD may not be directly related to amyloid precursor protein catabolism and subsequently to the amyloid cascade.

BDNF is essential for brain development, neuroplasticity and neuronal survival. Decreased levels of BDNF and decreased CREB phosphorylation have been linked to depression.^[@bib35]^ BDNF has been implicated in a number of neuropsychiatric disorders, including affective disorders, schizophrenia, addiction, eating disorders and neurodevelopmental disorders.^[@bib36],\ [@bib37],\ [@bib38],\ [@bib39]^ There is solid evidence demonstrating a reduction in BDNF mRNA and protein levels in AD cortex and hippocampus.^[@bib40],\ [@bib41],\ [@bib42]^ Given its central role in synaptic plasticity, learning and memory formation,^[@bib42]^ it is likely that a decrease in BDNF levels further contributes to cognitive dysfunction in AD. There is also evidence linking changes in BDNF to core psychopathological features of AD.^[@bib43]^ Recent data suggest that plasma BDNF is a biomarker of impaired memory and general cognitive function in aging women,^[@bib44]^ and a significant decrease in BDNF serum concentration has been found in AD patients compared with healthy controls.^[@bib45]^ We found a decrease in BDNF both in oligosymptomatic AD and in dementia due to AD. Interestingly, this decrease was similar in the two studied cohorts M and showing consistency in results obtained with the same technical approach.

Hyperhomocysteinemia, in NPC cultures or induced by direct injection of Hcy into adult mouse brain, reduces neurogenesis^[@bib46]^ through a mechanism involving the fibroblast growth factor receptor--Erk1/2--cyclin E signaling pathway. In addition, it leads to a decrease in DYRK1A and increases PP2A in the hippocampus.^[@bib46]^ Moderately elevated plasma tHcy is a strong risk factor for vascular dementia and AD.^[@bib15]^ Prospectively, elevated tHcy is associated with cognitive decline, white matter damage, brain atrophy, neurofibrillary tangles and dementia. Many studies have reported this association: a landmark study^[@bib47]^ including 1092 elderly participants in the Framingham cohort who were free from cognitive impairment at baseline revealed a strong concentration-related effect of baseline tHcy, with no obvious threshold, with the risk of incident dementia up to 11 years later. In the Prospective Population Study of Women in Gothenburg,^[@bib48]^ tHcy concentrations in 1368 middle-aged women were related to incident dementia up to 35 years later. In our cohorts, we found an increase of 35% in plasma Hcy in AD patients compared with controls. The Hcy level of our control group was below the 14--15 μmol l^−1^ critical threshold reported by previous studies^[@bib47]^ and the Hcy level of most of AD patients stay close to this critical value (one patient above 25 μmol l^−1^ in cohort P and 3 in cohort M) in agreement with the absence of severe vascular lesions in the two cohorts.

As area under the curve values for these three markers were significant, we analyzed their respective efficiency and the accuracy of a composite marker. DYRK1A performed the best of the group, but the addition of BDNF and Hcy improves the efficiency of the association. For chronic diseases that may require long-term medications, accurate diagnosis is important, especially when serious adverse effects are expected from the treatment. In these cases, biomarkers are increasingly important, because they can confirm a difficult diagnosis or even make it possible in the first place. It is largely accepted that AD begins with an early, symptom-free phase. In such symptom-free patients there may be more or less probability of actually developing symptoms. In these cases, biomarkers help to identify high-risk individuals reliably and in a timely manner so that they can either be treated before onset of the disease or as soon as possible thereafter. These results, obtained with two cohorts, which have been extensively characterised, are highly significant: however, these cohorts are of limited size and it will be necessary to further confirm these results on larger cohorts.

Mechanisms involved in the differences observed for these markers are still under investigation. For DYRK1A, a link with Hcy level has been previously described as involving a calpain-related pathway either in mouse liver,^[@bib49]^ in brains from AD patients^[@bib34]^ or through transcription-linked mechanisms.^[@bib50],\ [@bib51]^ However, polymorphism-based mechanisms can also modify DYRK1A levels through changes in the efficiency of transcriptional factors like p53 or REST.^[@bib52]^ We previously reported a positive correlation between DYRK1A and BDNF levels in lymphoblastoid cell lines derived from diploid individuals^[@bib13]^ suggesting a genetic component to explain variability of these markers. These results associate a decreased level of DYRK1A with AD and challenge the use of DYRK1A inhibitors in peripheral tissues as treatment.

In conclusion, the blood levels of these markers offer diagnosis assessment utility. To assess the value of their addition to the current panel of AD biomarkers would need the use of larger cohorts. The identification of oligosymptomatic or even preclinical AD is crucial to the initiation of preventative strategies. Longitudinal studies will be necessary to decide whether the use of these biomarkers may also allow the prediction of future cognitive decline in cognitively normal individuals.
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![Characterization of a new monoclonal antibody against DYRK1A. (**a**) Western blots of heads from mouse embryos; lane 1: 0 copies of DYRK1A, lane 2: 1 copy, lane 3: 2 copies; protein marker sizes (kDa): 95, 70, 62, 51, 42; left panel: M01 antibody (7D10), right panel: N6 antibody; loading control: Ponceau staining. (**b**) Quantification of DYRK1A content in plasma from adult mice with 1 Dyrk1a (+/−), 2 (2N) or 3 (mBACtgDyrk1a) copies of the *Dyrk1a* gene, with N6 antibody.](tp2017123f1){#fig1}

![DYRK1A protein levels in plasma from control (CTRL) individuals and Alzheimer's disease (AD) patients from cohort M (Munich). SPIE-IA ELISA was used to detect expression of DYRK1A in CTRL and AD (**a**) with N6 antibody; (**b**) with M01 antibody; white box: controls; red box: AD patients. (**c**) DYRK1A protein levels stratified according to *APOE* genotype with 'no ApoE4' for *APOE2* or *APOE3* genotypes and 'ApoE4' for one or two *APOE4* alleles: white dots: controls; red dots: AD patients. (**d**) sAPPbeta protein levels: white box: controls; red box: AD patients. Bars indicate mean±s.e.m, \*\*\*\**P*\<0.0001, \*\*\**P*\<0.001. ELISA, enzyme-linked immunosorbent assay; SPIE-IA, solid phase immobilized epitope-immunoassay.](tp2017123f2){#fig2}

![(**a**) Diagnostic accuracy of DYRK1A, BDNF and Hcy markers. (**b**) Correlation between descriptors and the first principal plane (PC1 + PC2). The closer the descriptors are to the correlation circle, the more they contribute to explaining the variability captured by the corresponding principal components. As indicated by the projection of the biomarker variable descriptors close to the PCA correlation circle, the DYRK1A and BDNF descriptors are strongly correlated and capture the majority of the variability of the data (more than 47.60%) on PC1 while Hcy is negatively correlated with these two first descriptors and is associated with 35.9% of the variability. (**c**) Distribution of Munich and Paris cohorts showing good overlap between the two control groups and the two AD groups. AD, Alzheimer\'s disease; AUC, area under the curve; BDNF, brain-derived neurotrophic factor; Hcy, homocysteine; PCA, principal component analysis.](tp2017123f3){#fig3}

![Diagnostic efficiency for each patient LR1: using one (DYRK1A), LR2: two (DYRK1A+BDNF) or LR3: three (DYRK1A+BDNF+Hcy) biomarkers; red dots: correctly diagnosed AD; black dots: correctly diagnosed control; blue cross: false diagnostic. AD, Alzheimer\'s disease; BDNF, brain-derived neurotrophic factor; Hcy, homocysteine; PC, principal component.](tp2017123f4){#fig4}

###### Demographic and clinical data of studied groups

                                                  *Controls*                    *AD*
  ---------------------------------------------- ------------- ---------------------------------------
  *Cohort M*                                                                       
   Number of subjects                                 20                         69
   Female--male                                     7f/13m                     35f/35m
   Age (years)                                     65.2±8.4                   68.5±7.47
   MCI−/AD                                                                     34−/ 35
   Mini-Mental State Examination                                 MCI: 27.2±2.91\*\* AD: 21.4±7.6\*\*
                                                                                   
  *Cohort P*                                                                       
   Number of subjects                                 25                         26
   Female--male                                     12f/13m                    13f/13m
   Age (years)                                     67.9±8.5                   64.1±8.15
   MCI−/AD                                                                     10−/16
   Mini-Mental State Examination                  29.08±0.84    MCI: 24±3.79\*\*\* AD: 15.1±3.2\*\*\*
   ApoE4 allele (%)[a](#t1-fn2){ref-type="fn"}        35                         48
   Markers[a](#t1-fn2){ref-type="fn"}                 45                         95
   DYRK1A                                         102.4±15.88             77.7±13.8\*\*\*\*
   BDNF                                            3.23±1.25              2.00±0.8\*\*\*\*
   Hcy                                            12.14±3.00             16.85±5.77\*\*\*\*

Abbreviations: AD, Alzheimer\'s disease; BDNF, brain-derived neurotrophic factor (ng ml^−1^); DYRK1A, % of controls; Hcy, homocysteine (μM); MCI, mild cognitive impairment.

Calculated for cohorts M+P (Munich+Paris).

\*\**p*\<0.01; \*\*\**p*\<0.001; \*\*\*\**p*\<0.0001.

###### Biomarkers levels

  *M*±*s.d.*   *AD (*n=*84)*     *Control (*n=*36)*    P*-value*
  ------------ ----------------- -------------------- -----------
  Age          **67.06**±8.94    **65.99**±8.11          0.54
  DYRK1A       **77.70**±13.80   **102.4**±15.88       \<10^−14^
  BDNF         **2.00**±0.80     **3.23**±1.25         \<10^−9^
  Hcy          **16.85**±5.77    **12.14**±3.00        \<10^−6^

Abbreviations: AD, Alzheimer\'s disease; BDNF, brain-derived neurotrophic factor; Hcy, homocysteine.

Bold values = calculated values; light values = standard deviation.

###### Effectiveness of DYRK1A, BDNF and Hcy in determining diagnostic for AD

                    *Learning*        *Validation*                                                            
  ----------------- ----------------- ----------------- ----------------- ----------------- ----------------- -----------------
  DYRK1A            **0.856**±0.009   **0.914**±0.007   **0.722**±0.025   **0.841**±0.056   **0.905**±0.052   **0.693**±0.159
  DYRK1A+BDNF       **0.902**±0.012   **0.932**±0.017   **0.833**±0.016   **0.900**±0.050   **0.928**±0.051   **0.832**±0.121
  DYRK1A+BDNF+Hcy   **0.937**±0.013   **0.958**±0.013   **0.889**±0.015   **0.933**±0.037   **0.952**±0.027   **0.889**±0.062

Abbreviations: AD, Alzheimer\'s disease; BDNF, brain-derived neurotrophic factor; Hcy, homocysteine.

Bold values = calculated values; light values = standard deviation.

###### Model odds ratio

           *Odds ratio*        *95% CI*       P*-value*
  -------- -------------- ------------------ ------------
  DYRK1A   0.813           \[0.723, 0.883\]    \<10^−3^
  BDNF     0.213           \[0.075, 0.468\]    \<10^−3^
  Hcy      1.521           \[1.215, 0.215\]   \<4.10^−3^

Abbreviations: AD, Alzheimer\'s disease; BDNF, brain-derived neurotrophic factor; CI, confidence interval; Hcy, homocysteine.

[^1]: These authors contributed equally to this work.
